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ABSTRACT 

In the present study, we investigated the roles of interactions among poly(A) tail, 
coronavirus nucleocapsid (N) protein and poly(A)-binding protein (PABP) in the 
regulation of coronavirus gene expression. Through dissociation constant (Ka) 
comparison, we found that the coronavirus N protein can bind to the poly(A) tail with 
high affinity, establishing N protein as a PABP. A subsequent analysis with UV 
cross-linking and immunoprecipitation revealed that the N protein is able to bind to 
the poly(A) tail in infected cells. Further examination demonstrated that poly(A) tail 
binding by the N protein negatively regulates translation of coronaviral RNA and host 
mRNA both in vitro and in cells. Although the N protein can interact with PABP and 
eIF4G, the poor interaction efficiency between the poly(A)-bound N protein and 
eIF4E may explain the observed decreased translation efficiency. In addition to 
interaction with translation factor eIF4G, the N protein is able to interact with 
coronavirus nonstructural protein 9 (nsp9), a replicase protein required for replication. 
Together, the study demonstrates interactions among the poly(A) tail, N protein and 
PABP both in vitro and in infected cells. Of the interactions, binding of poly(A) tail to 
N protein decreases the interaction efficiency between the poly(A) tail and eIF4E, 
leading to translation inhibition. The poly(A)-dependent translation inhibition by N 
protein has not been previously demonstrated and thus extends our understanding of 


coronavirus gene expression. 


IMPORTANCE Gene expression in coronavirus is a complicated and dynamic 
process. In this study, we demonstrate coronavirus N protein is able to bind to the 
poly(A) tail with high affinity, establishing N protein as a PABP. We also show how 
the interplay between coronavirus 3’-poly(A) tail, PABP and N protein regulates gene 
expression of the coronavirus and host cell. Of the interactions, poly(A) tail binding 


2 


1sanBb Aq 81LOz ‘E} 4sequiajdas uo /Hio'wse'IAl//:dyj1y Wo papeojuMOGg 


© 
= 
o 
me) 
0 
as 
2) 
O 
{as 
o. 
= 
UO 
2) 
=) 
= 
= 
=o) 
iD 
S. 
D 
O 
9) 
<< 


Journal of Virology 


Journal of Virology 


53 


54 


55 


56 


57 


58 


59 


60 


61 


62 


63 


64 


65 


66 


67 


68 


69 


70 


71 


72 


73 


74 


WS 


76 


77 


78 


by the N protein negatively regulates translation and, to our knowledge, this inhibition 
of translation by binding of the N protein to poly(A) tail has not been previously 
studied. Accordingly, the study provides fundamental molecular details regarding 


coronavirus infection and expands our knowledge of coronavirus gene expression. 
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INTRODUCTION 
Members of the family Coronaviridae, order Nidovirales, are single-stranded, 
positive-sense RNA viruses with the largest known viral RNA genome, 26-32 
kilobases (kb) (1-3). The coronavirus genome consists of a 5’ cap, a 5’ untranslated 
region (UTR), open reading frames (ORFs), a 3’ UTR and a 3’ poly(A) tail. The 5’ 
two-thirds of the genome consists of two ORFs (ORF la and ORF 1b) that encodes 16 
nonstructural proteins (nsps) with replicase activity. The other one-third of the 
genome largely consists of genes encoding structural proteins (3). During coronavirus 
infection, in addition to the replication of genomic RNA, coronaviruses synthesize a 
3’-coterminal nested set of subgenomic mRNAs (sgmRNAs) from which the 5’-most 
ORF is translated (3). 

The nucleocapsid (N) protein of coronaviruses, with a molecular weight of 50 to 
55 kDa, is abundantly produced during infection. It has been shown that N protein 
binds to different sites of the coronaviral RNA genome with various binding affinities 
(4-7). Furthermore, the binding of N protein to coronaviral RNA is more efficient than 
to non-coronaviral RNA (6); however, it has yet to be examined whether coronavirus 
N protein is able to bind to the poly(A) tail. In addition to its structural role in the 
formation of ribonucleoprotein, N protein has been shown to interact with coronaviral 
replicase proteins including nsps 2-3, nsp5, nsp8 and nsps 12-13 (8-14) and is 
required for efficient replication (15-19). Coronavirus nsp9 is a replicase protein and 
has been shown to be associated with polymerase nsp12 (20), essential for replication 
(21) and involved in the initiation of (-)-strand RNA synthesis (22); however, whether 
nsp9 is able to interact with N protein remains unknown. 

Poly(A)-binding protein (PABP), a 70-kDa cellular protein, is a ubiquitous 
cytosolic protein (23, 24). The binding of PABP to mRNA poly(A) tails is followed 
by interactions with elF4G and other translation factors including eIF4E to constitute 
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a translation initiation complex, which mediates cellular mRNA circularization and 
enhances cap-dependent translation by facilitating ribosome recycling (24-26). The 
positive-strand coronavirus genome contains an m7GpppN-cap structure at the 5’-end 
and a poly(A) tail at the 3’-end, which are presumed to initiate translation in a way 
similar to that for cellular mRNA (3). 

During coronavirus infection, the positive-strand genome functions as a template 
for both the synthesis of viral proteins and replication of the genome. Accordingly, a 
conflict may occur between the translation and replication machineries, as the 
ribosomes are moving along the viral RNA in the 5’ to 3’ direction and the viral RNA 
polymerase is moving in the opposite direction (3’ to 5’). Therefore, a balance 
between these two processes must exist to enable efficient viral gene expression. In 
poliovirus, it has been demonstrated that the 5’-terminal cloverleaf on the viral 
genome functions as a regulator to control the use of the genome for translation or 
replication (27, 28). Binding of poly(C)-binding protein (PCBP) to this RNA structure 
facilitates viral translation (IRES-dependent translation), whereas interaction of the 
viral protein 3CD with this RNA structure represses translation and enhances 
replication. However, for coronaviruses, which employ a different translation 
mechanism (cap-dependent translation) from that of poliovirus, the strategy for 
coordinating the use of the positive-sense genome for translation or replication has yet 
to be determined. 

In this study, we show that the bovine coronavirus (BCoV) N protein can bind to 
a poly(A) tail with high affinity. We also demonstrate that poly(A) tail binding by the 
N protein negatively regulates translation of coronaviral RNA and host mRNA. 
Finally, we demonstrate interactions among the poly(A) tail, PABP and N followed by 
interactions with eIF4G, eIF4E and nsp9. Based on these data, we propose a model 
explaining how these interactions regulate gene expression during coronavirus 
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RESULTS 

Coronavirus N protein binds to poly(A) tail with high affinity. It has been shown 
that N protein binds to different sites of the coronaviral RNA genome with various 
binding affinities (4-7); however, it has yet to be examined whether coronavirus N 
protein is able to bind to the poly(A) tail, a common structure in coronavirus genome, 
subgenomic mRNAs and cellular mRNA. For this, we first tested whether Escherichia 
coli-expressed N protein (~65 kDa, Fig. 1B) binds to the **P-labeled poly(A) tail 
using electrophoretic mobility shift assay (EMSA). As shown in Fig. 1C, N protein 
bound to the **P-labeled 65-nt poly(A) tail (lane 2). In addition, non-radiolabeled 
competitor 65-nt poly(A) tail was able to compete for this binding by N protein in a 
dose-dependent manner (lanes 3-5). Conversely, similar results were not found for the 
binding between N protein and yeast tRNA (lanes 6) or between 

glutathione S-transferase (GST) and P-labeled 65-nt poly(A) tail (data not shown). 
The data suggest that coronavirus N protein is able to bind to the poly(A) tail. 

As it is well characterized that PABP binds to poly(A) tails with high affinity, we 
postulated that the potential significance of the poly(A)-binding activity of N protein 
may be further emphasized if its binding affinity is similar to that of PABP. For this, 
increasing concentrations of N protein and PABP were separately incubated 
with *P-labeled 65-nt poly(A) tail and then analyzed by EMSA. The percentage of 
bound RNA was then used to derive the dissociation constant (Kq) using the Hill 
equation and Kq was calculated to be 28.4+3.9 and 17.8+1.2 nM for N protein and 
PABP (Figs. 1D and 1B), respectively, suggesting that N protein and PABP have 
similar binding affinities for the 65-nt poly(A) tail. Because the C-terminal domain 
(CTD) of N protein is mainly involved in oligomerization (29, 30) and the CTD of 
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PABP has also been reported to possess homodimerization activity (31), the multiple 
complexes shown in Figs. 1D and 1E resulting from such protein-protein interaction 
are not unexpected. 

To further characterize the poly(A)-binding activity of N protein, RNA probes 
with various sequence were synthesized (Fig. 1F). The same RNA probes were also 
examined for their ability to interact with PABP. The Ky for N protein and PABP 
with RNA probes containing the BCoV 3’-terminal 55 nts and poly(A) tails of 
decreasing lengths (55 nts+65A, 55 ntst+45A, 55 nts+25A or 55 nts) increased (Fig. 
1G, left panel), suggesting that the length of the poly(A) tail is the main factor for 
increasing the binding efficiency of N protein and PABP to the RNA probes. In 
addition, the Kg for N protein and PABP with 25-nt poly(A) tail was higher than that 
with the 65-nt poly(A) tail (Fig. 1G, left panel), further suggesting that N protein is a 
poly(A)-binding protein. Finally, as shown in Fig. 1G (right panel), Kg for N protein 
and these non-poly(A) sequences containing various types of nts (BCoV-65nts and 
B-actin-65nts, respectively, Fig. 1F) was ~4-5-fold higher than that for N and the 
65-nt poly(A) tail, suggesting that N protein has greater binding affinity for a poly(A) 
sequence than a non-poly(A) sequence containing various types of nts. Together, the 
results further suggest that coronavirus N protein, similar to PABP, binds to poly(A) 


tail with high affinity. 


N protein is able to compete with PABP for binding to the poly(A) tail in vitro 


and in cells. To address the question of whether N protein is able to compete with 


PABP for binding to the poly(A) tail in an environment in which they co-exist in vitro, 


the *’P-labeled poly(A) tail RNA probe was incubated with mixtures containing 
various molar ratios of N protein to PABP, followed by EMSA. The EMSA results of 
N protein or PABP binding to the poly(A) tail and the relative binding percentage are 
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illustrated in the upper and lower panels of Fig. 2A, respectively. As shown in Fig. 2A, 
upper panel, at molar ratios of N/PABP from 65.6 to 5.7 in lanes 3-7 (with the 
increase of PABP), a minor (complex 1, indicated by white dot in lane 3) and a major 
(indicated by white asterisk in lane 3) RNA-protein complex were observed. Since the 
major complexes in lanes 3-7 corresponded to N-RNA complex in lane 2, the 
preferential binding of 65-nts poly(A) tail to N protein was determined at molar ratios 
between 5.7-65.6. With further increase of PABP (i.e., decreased molar ratio of 
N/PABP from 4.0 to 1.9 in lanes 8-10), the minor complex (complex 1, indicated by 
white dot in lane 3) in lanes 3-7 became major complex in lanes 8-10, suggesting that 
the major complex (complex 1) consists of PABP and 65-nts poly(A) tail. 
Furthermore, with the increase of PABP in lanes 11-13, the complex 1 almost 
disappeared; however, complex 2 appeared, which corresponded to PABP-RNA 
complex in lane 14. Together, since the major complex in lanes 8-13 consists of 
PABP and 65-nts poly(A) tail, the preferential binding of 65-nts poly(A) tail to PABP 
was determined at molar ratios between 0.6-4.0 (lanes 8-13). Note that a small amount 
of N protein (~15%, Fig. 2A, lower panel) still bound to the poly(A) tail when the 
molar ratio of N protein to PABP was from 3.0 to 4.0 (lanes 8 and 9). Based on these 
results, it was concluded that N protein can compete with PABP for binding to the 
poly(A) tail in vitro, even though at the same molar ratio (lane 12), PABP exhibits 
better binding affinity to poly(A) tails than N protein. 

To determine whether N protein is able to bind to poly(A) tail in infected 
cells, **P-labeled 65-nt poly(A) tail was transfected into BCoV- or mock-infected 
cells and UV cross-linked. Cell lysates were collected and an antibody against PABP 
or N protein was employed to immunoprecipitate PABP or N protein followed by 
RNase treatment. As shown in Fig. 2B, left panel, antibody against PABP 
immunoprecipitated a ~70-kDa protein from mock-infected and BCoV-infected cells 
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(lanes 4 and 5, respectively); however, in Fig. 2B, right panel, antibody against N 
protein immunoprecipitated a ~50-kDa protein from BCoV-infected cell (lane 5) but 
not the mock-infected cell (lane 3). The results suggest that, in addition to PABP, N 


protein is able to bind to the poly(A) tail in infected cells. 


Determination of molar ratio of N protein to PABP in subcellular locations at 
different stages of infection. As shown in Fig. 2A, the molar ratio of N protein to 
PABP plays a role in poly(A) tail binding preference. In addition, it has been 
suggested that coronavirus replication can occur in a modified membrane-associated 
compartment (32). It was therefore speculated that molar ratios in subcellular 
locations of coronavirus-infected cells at different stages of infection may also be 
decisive regarding PABP or N protein binding preference for the poly(A) tail. Thus, 
subcellular fractions of cytosol and membrane were obtained at various time points of 
infection, and the amounts of N protein and PABP in each cellular fraction according 
to immunoblotting (Figs. 3A and 3B, upper panel) were quantified based on a 
standard curve obtained from known amounts of the proteins. As shown in Figs. 3A 
and 3B, middle and lower panel, the molar ratio of N protein to PABP in both cytosol 
and membrane was low (~0.4) during the initial infection, but increased (from ~0.4 to 
~2.6 in cytosol and from ~0.3 to ~10.5 in membrane) at later infection stages. The 
results indicate that the amounts of N protein are increased in both cytosol and 
membrane at the later time points of infection. Thus, based on the results shown in 
Figs. 2 and 3, we speculate that the poly(A) tail may preferentially bind with PABP 
during the initial infection but with N protein in the later infection, especially in 


membrane-associated structures. 


BCoV N protein inhibits viral translation both in vitro and in vivo. Because the 
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235 poly(A) tail is able to bind to N protein with high affinity (Fig. 1) and in infected cells 
236 ~— (Fig. 2), we hypothesized that such binding may prevent the poly(A) tail on 

237 coronavirus RNA from interacting with translation factors, leading to translation 

238 inhibition. To test the hypothesis, a BCoV defective interfering (DI) RNA, a surrogate 
239 for the coronavirus genome that has been extensively used for studies of coronavirus 


240 gene expression (33-37) (Fig. 4A), was engineered to express EGFP; the construct 
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241 was designated DI-EGFP. For in vitro translation analysis, DI-EGFP with the 65-nt 
242 poly(A) tail was first incubated with various amounts of N protein (Fig. 4B) for 15 
243 min to allow the binding of N protein to the 65-nt poly(A) tail on DI-EGFP and then 
244 added to a rabbit reticulocyte lysate (RRL) for another 90 min. A similar experiment 
245 was performed however DI-EGFP was first incubated with PABP or GST. As shown 
246 in Fig. 4B, translation of DI-EGFP with a 65-nt poly(A) tail was inhibited with 

247 increasing amounts of N protein but not PABP or GST (data not shown). To test 

248 whether the inhibition was due to the effect of N protein on the RRL, various amounts 


249 of N protein were first incubated with RRL for 60 min, and then DI-EGFP with the 


Journal of Virology 


250  65-nt poly(A) tail was added. The translation efficiency of DI-EGFP, however, was 
251 not altered (data not shown), indicating that N protein at these concentrations had no 
252 effect on the translation efficiency of RRL. Accordingly, the reduced translation 

253 efficiency shown in Fig. 4B was due to the binding of N protein with DI-EGFP but 
254 not the effect of N protein on RRL. Furthermore, it has been shown that translation 
255 using RRL still occurs with an mRNA lacking a poly(A) tail although the translation 
256 _ efficiency is affected (38). Consequently, we hypothesized that if the decreased 

257 translation efficiency was due to the binding of N protein to the poly(A) tail, 

258 translation efficiency of poly(A)-deficient DI-EGFP is not altered with increasing 
259 amounts of N protein. To test this, poly(A)-deficient DI-EGFP was generated, 

260 incubated with various amounts of N protein for 15 min and then added to the RRL. 
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As shown in Fig. 4C, the translation efficiency was not significantly affected with 
increasing amounts of N protein, suggesting that the decreased translation in Fig. 4B 
may be mostly due to the interaction between N protein and poly(A) tail. Taken 
together, because N protein apparently had no effect on the translation efficiency of 
RRL (data not shown) and on translation efficiency of poly(A)-deficient DI-EGFP 
(Fig. 4C), the inhibitory effect of translation shown in Fig. 4B may be attributed to 
interaction between the poly(A) tail and N protein. Note that after in vitro translation 
in RRL the amounts of DI-EGFP at various concentrations of N protein were not 
significantly altered, indicating that the stability of DI-EGFP is not a factor affecting 
the translation efficiency. It was therefore concluded that N protein is able to inhibit 
viral translation by binding to the viral poly(A) tail in vitro. 

To further assess whether translation inhibition by N protein also occurs in vivo, 
the N protein or His-B-actin transcript was transfected into HEK-293T cells followed 
by transfection of DI-EGFP with a 65-nt poly(A) tail (Fig. 4D, left panel) or by 
infection of BCoV (Fig. 4F, left panel). Cell lysates were harvested and analyzed by 
immunoblotting to quantitate the translation efficiency of DI-EGFP and coronavirus 
nsp| (representing genome expression). As shown in Fig. 4D, right panel and Fig. 4E, 
inhibition of the DI-EGFP translation was observed in cells transfected with the N 
protein transcript at 3, 8 and 16 h in comparison with those transfected with the 
His-B-actin transcript, suggesting that N protein is able to inhibit translation of 
DI-EGFP in vivo. The similar inhibition results were also obtained in cells infected 
with BCoV (Fig. 4F, right panel and Fig. 4G), suggesting N protein can inhibit 
translation of coronavirus genome. Note that the levels of DI-EGFP RNA (Fig. 4D) 
and viral genomic RNA (Fig. 4F) were similar between the groups at the same time 
point as confirmed by RT-qPCR (data not shown). Therefore, based on the results of 


the in vivo binding of N protein to poly(A) tail (Fig. 2B) and the in vitro analyses 
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shown in Figs. 4B and 4C, the inhibitory effect of N protein on translation of 
DI-EGFP and BCoV in vivo may at least be partly attributable to the binding of N 


protein to the poly(A) tail on DI-EGFP and BCoV genome. 


BCoV N protein modulates translation of host mRNAs both in vitro and in vivo. 
To examine whether the binding of N protein to the poly(A) tail of mRNA also 
inhibits host mRNA translation, a B-actin transcript with 65-nt poly(A) tail was first 
incubated with N protein to form an N protein-poly(A) complex and then subjected to 
an in vitro translation assay with the RRL. As shown in Fig. 5A, expression of B-actin 
transcripts was inhibited with increasing amounts of N protein. As with the in vitro 
translation assay for DI-EGFP (Fig. 4), to further determine whether the inhibitory 
effect was due to the binding of N protein to the poly(A) tail, a poly(A) tail-deficient 
B-actin transcript was first incubated with various amounts of N protein followed by 
the assay. However, inhibition was not observed (Fig. 5B), as no significant 
difference in expression of the poly(A) tail-deficient B-actin transcript was observed 
with increasing amounts of N protein. These results (Figs. 5A and 5B) suggest that 
binding of N protein to the poly(A) tail of the B-actin transcript is a major factor 
leading to translation inhibition. 

In addition to individual cellular mRNAs in vitro, inhibition of host mRNA 
translation by N protein was also examined globally in cells. For this, the N protein 
transcript or His-tagged B-actin transcript was independently transfected into 
HEK-293T cells for | h, after which the cells were incubated for 3 h in the presence 
or absence of actinomycin D. After addition of actinomycin D, the cells were labeled 
with [*°S]-methionine for 8 h, and equal amounts of cell lysate were analyzed by 
SDS-PAGE. As shown in the left panel of Figs. 5C and 5D, inhibition of host protein 
synthesis was not apparent in cells not treated with actinomycin D; however, with 
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313 actinomycin D treatment, synthesis of host proteins in cells transfected with the N 
314 protein transcript was decreased by ~one-third in comparison with that in cells 

315 transfected with the His-tagged B-actin transcript or with mock transfected (Fig. 5C, 
316 left panel and Fig. 5D, right panel). The fact that the efficiency of N protein inhibition 
317 was better in actinomycin D-treated cells than in untreated cells may indicate that in 


318 the absence of nascent mRNA synthesis, expressed N protein was involved in 
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319 interaction with preexisting mRNAs, leading to inhibition of host protein synthesis. In 
320 addition, the levels of host mRNA (represented by GAPDH mRNA) were similar (Fig. 
321 5C) between the groups treated with actinomycin D as confirmed by RT-qPCR (data 
322 not shown) and thus were not affected by the expressed N protein. Thus, it was 

323 concluded that in addition to coronaviral RNA, N protein is also able to globally 

324 inhibit host mRNA translation, and based on in vitro results (Figs. 5A and 5B), such 
325 inhibition in cells may at least partly result from the binding of N protein to the 

326 poly(A) tail. 


327 


Journal of Virology 


328 Interactions among the poly(A) tail, N protein and PABP. To elucidate the 

329 possible mechanism by which interactions among the poly(A) tail, N protein and 
330 PABP regulate gene expression, we first determined whether a poly(A) tail is able to 
331 interact with both the N protein and PABP using lysates of infected cell. For this, an 
332 84-nt biotinylated RNA, consisting of 19 non-poly(A) nts (containing 

333 _ biotin-conjugated uridine) followed by a 65-nt poly(A) tail, was synthesized and 
334 incubated with cell lysates followed by a streptavidin pull-down assay and 

335 immunoblotting. As shown in Fig. 6A (lane 1), both the N protein and PABP were 
336 detected (indicated by asterisks), demonstrating poly(A) tail interaction. To ensure 
337 that the detection of the N protein and PABP was in fact due to interaction with the 


338 poly(A) tail and not with the 19 non-poly(A) residues, a biotinylated RNA containing 
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the 19 non-poly(A) nts was also used. However, neither were observed (data not 
shown) by immunoblotting, confirming that the 65-nt poly(A) tail, and not 19 
non-poly(A) nts, can interact with both the N protein and PABP from infected cell 
lysates. We next addressed whether the N protein is able to directly bind to the PABP 
by performing a pull-down assay, in which purified His-tagged PABP (Fig. 6B, left 
panel) was bound to Ni-NTA beads and mixed with purified untagged N protein (Fig. 
6B, right panel). As shown in Fig. 6C, untagged N protein (left panel, lane 1) was 
co-pelleted by His-tagged PABP, suggesting that the N protein can physically bind to 
the PABP. Finally, we assessed whether the N protein is able to interact with the 
PABP from infected cell lysates by incubating Ni-NTA beads with His-tagged N 
protein and infected cell lysates and subjecting the elute to immunoblotting with an 
antibody against PABP. As shown in Fig. 6D, a signal at ~70 kDa representing the 
cellular PABP was observed (left panel, lane 1), suggesting that the N protein is able 
to interact with cellular PABP from infected cell lysates. Consistently, the reciprocal 
pull-down assay with His-tagged PABP demonstrated that the PABP can interact with 
the N protein from infected cell lysates (Fig. 6D, right panel, lane 1). To determine 
whether RNA bridging is essential for such interaction, RNase treatment was included 
in the pull-down assay. As shown in Fig. 6D, both the PABP (left panel, lane 6) and N 
protein (right panel, lane 5) were detected, suggesting RNA bridging is not a 
requirement for the interaction between the two proteins. Taken together, it was 
concluded that the poly(A) tail can interact with both the N protein and PABP from 
infected cell lysates. In addition, the N protein is able to physically bind to the PABP 


in vitro and to interact with PABP from infected cell lysates. 


Interactions of the poly(A) tail and N protein with translation factor eIF4G and 


coronavirus replicase protein nsp9. To further examine the role of the poly(A) tail 
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and N protein in gene regulation, we first determined whether the poly(A) tail is able 
to interact with eIF4G and nsp9, a coronavirus replicase protein that is associated with 
polymerase nsp12 (20), is essential for replication (21) and is involved in the initiation 
of (-)-strand RNA synthesis (22). To this end, the 84-nt biotinylated RNA described 
above (consisting of 19 non-poly(A) nts followed by 65-nt poly(A) tail) were used in 
the streptavidin pull-down assay. As shown in Fig. 7A, both eIF4G (left panel, lane 1) 
and coronavirus nsp9 (right panel, lane 1) were detected by immunoblotting, though 
they were not observed with the biotinylated RNA containing only the 19 non-poly(A) 
tail nts (data not shown), suggesting that the 65-nt poly(A) tail is able to interact with 
eIF4G and coronavirus nsp9 from infected cell lysates. We next performed the 
pull-down assay with Ni-NTA beads to determine whether the N protein is able to 
interact with eIF4G in infected cells. In this case, e[F4G was not detected when using 
infected cell lysates treated with or without RNase (Fig. 7B, lane 1 and lane 7, 
respectively) but was detected when using mock-infected cell lysates treated with or 
without RNase (Fig. 7B, lane 2 and lane 8, respectively). To address whether the lack 
of eIF4G detection was due to the His-tagged N protein being outcompeted by 
endogenous N in infected cell lysates, a pull-down assay with protein G beads 
followed by incubation with an antibody against N protein was employed. Indeed, 
eIF4G was detected in the absence or presence of RNase (Fig. 7C, lane 1 and lane 6, 
respectively), suggesting that the N protein can interact with eIF4G from infected cell 
lysates without the assistance of RNA. Our results show that the N protein is able to 
bind to the poly(A) tail, yet it is possible that at least a portion of the detected 
coronavirus nsp9 in Fig. 7A is due to its interaction with the N protein. Another 
pull-down assay was performed to investigate this possibility. As shown in Fig. 7D, 
lane 2 and lane 7, nsp9 was detected in infected cell lysates in the absence or presence 
of RNase treatment, respectively, suggesting that the N protein is able to interact with 
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nsp9 without an RNA bridge. These data suggest that both the poly(A) tail and N 
protein are able to interact with the translation factor eIF4G and replicase protein 


nsp9. 


Poly(A)-bound N protein interacts efficiently with eI[F4G but not eIF4E. To 
further examine the translation inhibition caused by binding of the N protein to the 
poly(A) tail, we next assessed whether N can interact with the translation factor eIF4E. 
For this, a fixed concentration of biotinylated RNA consisting of 19 non-poly(A) nts 
followed by the 65-nt poly(A) tail was first incubated with increasing amounts of N (2, 
4 and 6 uM) and then with mock-infected cell lysates followed by a streptavidin 
pull-down assay. In this context, the N protein interacted with elF4G efficiently (Fig. 
8A, lanes 4-6, panel 1), whereas the amount of eIF4E detected decreased (Fig. 8A, 
lanes 4-6, panel 2) with an increase in N protein (Fig. 8A, lanes 4-6, panel 4), 
suggesting that the poly(A)-bound N protein cannot interact efficiently with eIF4E. 
Note that the binding efficiency between the aforementioned biotinylated RNA and 
the input PABP or N protein increased with increasing amounts of input PABP or N 
protein as confirmed by immunoblotting shown in panels 3 (lanes 1-3) and 4 (lanes 
4-6), respectively. With regard to the observed eIF4E (Fig. 8A, lane 4, panel 2), we 
interpret that the biotinylated poly(A) tail not bound to N, which resulted from 
insufficient binding of N to the biotinylated poly(A) tail due to the reduced amount of 
input N protein (2 uM), was still able to bind to PABP and then eIF4G and eIF4E, 
leading to detection of eIF4E (Fig. 8A, lane 4, panel 2). Accordingly, with an 
increasing amount of input N protein, the biotinylated poly(A) tail was almost all 
bound and thus was unable to interact with eIF4E (Fig. 8A, lanes 5-6, panel 2), 
supporting the above argument. 

To further determine whether the poly(A) tail is able to interact with elF4G, 
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eIF4E and replication factor nsp9 in infected cells, lysates at different time points of 
coronavirus infection were incubated with a biotinylated RNA consisting of 19 
non-poly(A) nts followed by the 65-nt poly(A) tail followed by streptavidin pull-down. 
As shown in Fig. 8B, levels of eIF4G and eIF4E were decreased (lanes 4-6, panels 1 
and 2, respectively) with increasing N protein (lanes 4-6, panel 4), whereas nsp9 was 
increased (lanes 4-6, panel 3). These results suggest that in infected cells, the poly(A) 
tail is able to interact with eIF4G and eIF4E but that the efficiency is decreased with 
increasing amounts of N protein. Because the N protein can interact with coronaviral 
replicase proteins (8-14), we speculate that these viral proteins compete with eIF4G 
for interaction with N in infected cells, which in our assay would lead to reduced 
detection of eI[F4G. This argument is supported by the increased amounts of nsp9 
detected (Fig. 8B, lanes 4-6, panel 3), which is also able to interact with the N protein 
(Fig. 7). Furthermore, the amount of eIF4E detected (Fig. 8B, lanes 4-6, panel 2) may 
be attributed to the input biotinylated poly(A) tail being bound by PABP followed by 
eIF4G and elF4E. In line with this argument, the reduced amount of eIF4E detected 
(Fig. 8B, lanes 4-6, panel 2) may have resulted from the increased level of poly(A) 
-bound N protein, which, based on the results shown in Fig. 8A, cannot interact with 
elF4E. Together, the poor interaction efficiency between the poly(A) -bound N 
protein and eIF4E (Fig. 8A) and the decreased interaction efficiency between the 
poly(A) tail and eIF4G and elF4E in infected cells (Fig. 8B) may explain the results 
of decreased translation efficiency observed in coronaviruses and host cells (Figs. 4 


and 5). 


DISCUSSION 
In the present study, we provide evidence for interactions among the poly(A) tail, N 
protein and PABP both in vitro and in infected cells. We also demonstrate that poly(A) 
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tail binding by the N protein inhibits translation of both coronaviral RNA and host 
mRNA. Further examination revealed that both the poly(A) tail and N protein are able 
to interact with the translation factor eIF4G and replicase protein nsp9. However, the 
poly(A)-bound N protein cannot interact efficiently with eIF4E. The mechanism by 
which the aforementioned interactions regulate gene expression in coronaviruses and 
host cells and the biological relevance of such interactions are discussed below. 

It has been demonstrated that the binding of PABP to a poly(A) tail (39) 
followed by elF4G and eIF4E binding to form a translation initiation complex is 
required for efficient protein synthesis. In the current study, we showed that an N 
protein-bound poly(A) tail can interact with eIF4G but largely cannot interact with 
eIF4E (Fig. 8). Therefore, such an inefficient interaction may affect the constitution of 
a stable translation initiation complex, leading to decreased translation efficiency, as 
shown in Figs. 4 and 5. It is known that eIF4G can bind to eIF4E; however, the 
mechanism by which the poly(A)-bound N protein is able to interact with eIF4G but 
not with eIF4E remains to be experimentally elucidated. It has been suggested that 
allosteric interactions mediated by the poly(A) tail, PABP, eIF4G, and eIF4E are 
critical for translation initiation (39-41) and that molecules such as 4EGI-1 (42) and 
eIF4E-binding proteins (4EBPs) (43) are also involved in these interactions. Therefore, 
it is possible that binding of the N protein to eIF4G may cause a conformational 
change in eIF4G and thus decrease the binding efficiency with eIF4E. Alternatively, 
the N protein may use the same binding site as utilized for eIF4E to bind to eIF4G; 
thus, once eIF4G is bound to the N protein, eIF4G cannot bind to eIF4E, leading to 
undetectable eIF4E in pull-down assays. These arguments are in agreement with 
results of an in vitro translation assay (Figs. 4B and 5A) in which the poly(A) tail was 
first bound by the N protein, resulting in decreased translation efficiency. Accordingly, 
such a mechanism (binding of N to the poly(A) tail) may explain, in part, why 
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translation was inhibited in cells (Figs. 4D-G and 5C-D). To our knowledge, the 
translation inhibition caused by the binding of N to the poly(A) tail has not been 
previously documented for coronaviruses. 

Regarding cellular mRNA, as argued above, binding of N to the poly(A) tail can 
inhibit translation, possibly preventing the use of mRNA for gene expression. 
Nevertheless, the outcome of such binding may not be applicable to coronavirus 
genomic RNA and subgenomic mRNA (sgmRNA) because the N protein can interact 
with viral replicase proteins (8-14) and nsp9 (the current study; Fig. 7). We speculate 
that, in addition to translation inhibition, N protein binding to the poly(A) tail 
followed by interaction with replicase protein may be a highly important task for 
coronavirus RNA species including ssmRNA (44). Thus, further study is required to 
demonstrate the biological relevance of the interaction. One may argue that the 
poly(A) tail of cellular mRNA may also be bound by the N protein followed by 
interaction with these replicase proteins. However, because cis-acting elements 
located at the 5’- and 3’-termini of the coronavirus have been demonstrated to be 
required for coronavirus replication (45), lack of these elements in cellular mRNA 
would explain the above argument. 

According to the elegant model proposed by Hurst et al. (10), after release of an 


N protein-bound viral genome into the cell, displacement of the N protein from the 5’ 


two-thirds of the genome may allow replicase proteins to be translated, including nsp3. 


This translated nsp3 then associates with infecting (residual) N protein, which is 
bound to the 3’ end of the incoming viral genome, and tethers the complex to the 
endoplasmic reticulum (ER). Based on the results of the current study, we propose a 
modification of this model with more details, as follows. Because coronavirus 
assembly occurs at the membrane (13), where the N protein concentration is higher 
than that of PABP (Fig. 3), we speculate that the incoming viral genomic poly(A) tail 
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may be bound by N protein. Additionally, because N has higher binding affinity for 
the poly(A) tail than for a non-poly(A) sequence (Fig. 1), it is possible that for the 
incoming viral genomic RNA, the N protein disassociates from all genome regions 
except the poly(A) tail, allowing translation of replicase proteins to occur. At this 
point, it can be expected that the translation efficiency may be decreased because the 
poly(A) tail is bound by N (Fig. 4). However, once nsp3 is synthesized, it can 
associate with the N protein and tether the N-poly(A)-bound genome to the replication 
complex at the ER (9, 10) for the first round of replication to synthesize a nascent 
genomic RNA and sgmRNA. 

During infection, the genome of the positive-sense RNA virus functions as a 
template for both translation and replication; therefore, these two processes must be 
regulated to enable efficient gene expression. In coronaviruses, however, the 
mechanisms by which the two processes are regulated remain unclear. Based on the 
results from the current study and others, (i) the poly(A) tail can be bound by PABP 
and function in translation (46); (ii) the poly(A) tail is a start site for (-)-strand RNA 
synthesis (47); (111) the poly(A) tail can also be bound by the N protein with high 
affinity (Fig. 1); Gv) the N protein can interact with viral replicase proteins (8-14) and 
nsp9 (Fig. 5) and participates in replication (15-18); and (v) nsp9 is required for 
coronavirus replication (21) and is associated with the replication complex for 
(-)-strand initiation according to the model proposed by Ziist et al. (22). Altogether, 
we speculate that similar to the 5’-terminal cloverleaf in polioviruses (27, 28), the 
coronavirus 3’-poly(A) tail, which is required for both translation and replication (36, 
46), may function as a regulator to coordinate utilization of the genome for translation 
(binding to PABP) or replication (binding to N). Further experiments are required to 
demonstrated whether binding of the poly(A) tail to N protein is a key step needed to 


regulate the two processes. 
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Based on the data presented herein and reported by others, a mechanism by 
which interactions among the poly(A) tail, PABP and N protein regulate gene 
expression in coronaviruses is proposed, as illustrated in Fig. 9. At the early stage of 
infection, PABP is abundant (Fig. 3). The poly(A) tail of the coronavirus genomic 
RNA may predominantly be bound by PABP followed by interaction with other 
translation factors such as eIF4G and eIF4E (Fig. 8), leading to translation. With an 
increase in N protein in the later stage of infection (Fig. 3), binding of the N protein to 
poly(A) tails on coronavirus genomic RNA decreases the interaction efficiency 
between the poly(A) tail and translation factors such as eIF4E (Fig. 8), leading to 
translation inhibition. 

Although we understand that additional data are required to determine the role of 
binding of the poly(A) tail to N protein in the switch from genome translation to 
replication, we attempt to explain the potential gene regulation in coronaviruses based 
on the current findings with different viewpoints. First, in terms of an individual viral 
genomic RNA, binding of the poly(A) tail by PABP or the N protein may decide the 
subsequent function of the RNA. Second, in terms of the infection stage, the major 
proportion of viral RNA in the early stage of infection functions in translation via 
binding of the poly(A) tail by PABP, whereas in later stages, binding of the poly(A) 
tail by the N protein and subsequent replicase proteins downregulates translation and 
may lead to replication. Third, in terms of subcellular location, the N protein has been 
shown to accumulate at a modified membrane-associated compartment where 
coronavirus replication and assembly occur (32, 48). Thus, the findings of the study 
reporting that membrane levels of PABP are much reduced compared to the cytosolic 
fraction (49) support our results that a high molar ratio of N to PABP was detected in 
the membrane fraction (Fig. 3), leading to binding of the poly(A) by the N protein and 


possibly thereby directing the viral RNA toward replication. In addition, we argue that 
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the aforementioned interactions and their effects on the regulation of gene expression 
are stochastic, rather than an all-or-none process in the infected cells. 

In conclusion, we demonstrate interactions among the poly(A) tail, N protein and 
PABP, as well as those among the N protein and eIF4G and nsp9. Of the interactions 
shown in this study, binding of the poly(A) tail to PABP followed by eIF4G and 
elF4E leads to translation. However, binding of poly(A) tail to N protein decreases the 
interaction efficiency between the poly(A) tail and eIF4E, leading to translation 
inhibition. In addition, whether binding of the poly(A) tail by the N protein followed 
by interaction with nsp9 may further direct viral RNA toward (-)-strand RNA 


synthesis remains to be determined. 


MATERIALS AND METHODS 

Viruses, cells and antibodies. Human rectum tumor (HRT)-18 and HEK-293T 
cells were obtained from David A. Brian (University of Tennessee, TN) and 
maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 
10% fetal bovine serum (FBS) (HyClone) and antibiotics at 37°C with 5% COo. 
The plaque-purified Mebus strain of BCoV (GenBank accession no. U00735) was 
grown on an HRT-18 cell line as described (50, 51). Anti-N protein (BCoV) 
antibody and anti-nsp9 (BCoV) antibody were obtained from David A. Brian 
(University of Tennessee, TN). Antibodies used for this study are as follows: 
anti-EGFP antibody (GeneTex), anti-PABP antibody (Cell Signaling 
Technology), anti-eIF4G antibody (Cell Signaling Technology), anti-eIF4E 
antibody (Cell Signaling Technology), anti-GAPDH antibody (GeneTex), 
anti-calnexin antibody (Cell Signaling Technology) and anti-His-tag antibody 


(Bio-Rad). 
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Construction of plasmids and DNA templates for RNA probes. The DNA 
templates 55nts+65A, S5S5nts, 65A, 5Sntst+45A, 55ntst+25A, 25A, and BCoV-65nts 
for synthesis of RNA probes were produced by PCR. The template for the 65A 
and 25A containing 65 and 25 adenosine residues were generated by PCR using a 
primer containing 65 and 25 thymidine nucleotides, respectively, and a primer 
containing T7 promoter sequence plus 3 guanosine residues. Therefore, except 
for 3 guanosine residues, there is no extra non-adenosine residues in both RNA 
probes after in vitro transcription. To synthesize a DNA template containing the 
65-nt poly(A) tail and 19 non-poly(A) tail, a primer with sequence of 
5’-TGTAATACGACTCACTATAGGGCCAATTGAAGAAT-3’ and a primer with 
sequence of 5’-T(65) GTGATTCTTCAATTGG-3’ were used for PCR. Constructs 
actin-65nts for the RNA probe and His-tagged B-actin for in vitro translation 
were amplified by RT-PCR using RNA extracted from HRT-18 cells. To construct 
DI-EGFP, EGFP gene was inserted into BCoV DI RNA at the site between ORF 
la and N protein gene. For this, a DNA fragment containing the EGFP sequence 
and Hpal and Xbal restriction enzyme sites was amplified by an overlap PCR 
mutagenesis procedure, digested with Hpal and Xbal and ligated into HpaI and 
Xbal-linearized pDrepI to create pDI-EGFP. The resulting pDI-EGFP contained 


full-length EGFP and N protein gene. 


Expression of recombinant proteins. For His-tagged N protein, pET32aN, 


which contains BCoV N protein gene, was transformed into Escherichia coli 
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BL21 (DE3) cells followed by inoculating into LB medium. The cells were then 
induced with isopropyl thio-B-D-galactoside, harvested by centrifugation and 
resuspended in PBS and then sonicated. The supernatant containing the 
recombinant protein was purified through the 6xHis tag by immobilized metal ion 
affinity chromatography with EDTA-resistant Ni Sepharose excel resin (GE 
Healthcare) and loaded on a nickel-chelating column (GE Healthcare). Fractions 
containing N protein were dialyzed and collected. Because the expressed BCoV 
N protein also contains His-, Trx- and S-Tag coding sequences, the resulting 
molecular weight is estimated to be ~65 kDa. To obtain N protein without the 
His-tag, the tag along with Trx- and S-Tag was removed using PreScission 
protease (GE Healthcare). To purify His-tagged PABP, pET28aPABP, which 
contains PABP gene (GenBank accession no. NM_002568), was transformed into 
E. coli BL21 (DE3) pLysS cells and the following procedures were similar to 


those for expression of N protein as described above. 


Electrophoretic mobility shift assay (EMSA) and dissociation constant (Ka). 
An in vitro transcription reaction for synthesizing *°P_labeled RNA for EMSA 
was carried out using T7 RNA polymerase and [a-*”P]ATP as specified by the 
manufacturer (Promega). To purify **P-labeled RNA, the synthesized **P-labeled 
RNA was separated on 6% sequencing gels, and passive elution was performed 
followed by phenol/chloroform extraction. The *°P_labeled RNA and N protein 
were added to the binding reaction containing 20 mM HEPES (pH 7.5), 6 mM 


MgCly, 1.5 uM EGTA, 22.5 mM NaCl, 330 mM KCl, 36% glycerol, 3.6 mM 
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DTT, 82.5 pg/ ml BSA, and 36% glycerol and incubated for 15 min at 37°C with 
1 U/ml RNasin (Promega) (final concentration for *°P_labeled RNA and N protein 
is | nM and 5 nM, respectively). Reactions with unlabeled competitor at 1-, 10- 
and 100-fold excess and non-specific yeast tRNA (0.1 mg/mL) were also 
performed in parallel. The RNA-protein complexes were resolved on a native 
polyacrylamide gel in TBE buffer (50 mM Tris, 45 mM boric acid, 0.5 mM 
EDTA) at constant voltage at room temperature, dried, and analyzed by 
autoradiography. To determine the binding affinity, a fixed concentration of 0.2 
nM *’P -labeled RNA was titrated with protein (0, 14, 71, 143, 286, 533 nM), and 
the bound RNA-protein complexes were separated from unbound RNA using an 
8% polyacrylamide gel. Free and bound RNA were quantitated and fit to the Hill 
equation: RNA bound= b*[P]n/( Kd" +[P]"), where b is the upper binding limit, 
[P] is the protein concentration, n is the Hill coefficient and Kg is the dissociation 
constant. GraphPad Prism was used. Kg was calculated based on at least three 


independent experiments. 


UV cross-linking of RNA to N protein. HEK-293T cells were mock-infected or 
infected with BCoV. After 16 h of infection, *P-labeled 65-nt poly(A) tail was 
transfected using Lipofectamine 2000 (Thermo Fisher Scientific) according to 
the manufacturer's instruction and at 2 h posttransfection cells were washed by 
phosphate-buffered saline (PBS). Cells were subjected to irradiation on ice for 5 
min at 254 nm with ~4000 pwatts/cm’ using a Spectrolinker (XL-1000, 


Spectrolinker'™™). Cell lysates were collected and treated with RNase mix 
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containig10mM Tris (pH 7.5), 400 U/ml micrococcal nuclease, lmM CaCl, 1% 
aprotinin, 2 mg/ml leupeptin/pepstatin, 100mM PMSF, 0.1 mg/ml RNase A and 
RNase T1) at 37°C for 30 min. RNase-treated samples were centrifuged and 
supernatants were collected and pre-cleared for 1 h at 4°C by incubation with 
protein G beads (MagQu). The beads were then removed and immunoprecipitaed 
with an antibody against N protein at 4°C overnight followed by incubation with 
protein G beads for 4 h at 4°C using tilt rotation. After extensive washing, the 
RNA-protein complexes were resuspended in SDS-PAGE loading dye, resolved 


by SDS-PAGE, dried and visualized by autoradiography. 


Immunoprecipitation and pull-down assay. His-tagged PABP (25 wg) was 
mixed with N protein in 100 pl binding buffer containing 50 mM sodium 
phosphate (pH 7.4), 300 mM NaCl, and 0.02% Tween 20, and Qbeads-NTA-Ni 
(MagQu) were added. The mixture was incubated with tilt rotation for 30 min at 
room temperature. The beads were washed 3 times with | ml binding buffer 
containing 50 mM sodium phosphate (pH 7.4), 300 mM NaCl, and 0.02% Tween 
20. Proteins bound to the beads were eluted in SDS sample buffer, resolved by 
SDS-PAGE and analyzed by western blotting. The same method was employed to 
analyze proteins from cell lysates interacting with His-tagged N protein or 
His-tagged PABP in the presence or absence of RNase mix. Immunoprecipitation 
assay with N antibody bound to the protein G-coated magnetic beads followed by 
incubation with infected cell lysates was performed according to 


the manufacturer's instructions (MagQu). Proteins bound to the beads were 
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analyzed by immunoblotting with antibody against eIF4G. 


Biotinylated RNA pull-down assays. To synthesize RNA labeled with biotin, the 
DNA template containing the 65-nt poly(A) tail and 19 non-poly(A) tail nts or 
only 19 non-poly(A) tail nts was used for in vitro transcription with T7 
polymerase (Promega) in the presence of a biotin-UTP labeling NTP mixture 
(Roche), as recommended by the manufacturer. After purification, biotinylated 
RNA was incubated with cell lysates in TE buffer. After incubation at room 
temperature for 30 min, a streptavidin suspension (MagQu) was added to the 
mixture and incubated for 30 min at room temperature followed by three washes 
with binding buffer. The protein-associated beads were boiled with SDS-PAGE 


loading buffer for 5 min and analyzed by immunoblotting. 


In vitro and in vivo translation assays. Capped transcripts for in vitro 
translation were prepared using the T7 mMessage mMachine kit (Ambion), 
according to the manufacturer’s protocol. For the in vitro translation assay, | ug 
of capped transcript was added to a mixture containing 17.5 ul rabbit reticulocyte 
lysate (RRL) (Promega), 20 U RNasin RNase inhibitor (Promega), | ul amino 
acid mixture minus methionine and 20 pCi [°°S]-methionine. After incubation at 
30°C for 1 h, the samples were resolved by 10% SDS-PAGE. The gel was then 
dried and exposed to Kodak XAR-5 film. The films were scanned and quantified 
with ImageJ software (NIH, Bethesda, MD). For a loading control, 1 ug of each 


capped transcript was resolved on a formaldehyde-agarose gel and stained with 
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ethidium bromide, followed by band density quantitation using ImageJ software 
(NIH, Bethesda, MD). For the effect of N protein on translation of DI-EGFP in 
vivo, HEK-293T cells were independently transfected with 3 ug of N protein or 
the His-tagged B-actin transcript using Lipofectamine 2000 (Thermo 

Fisher Scientific) according to the manufacturer's instruction. After 8 h of 
transfection, HEK-293T cells were transfected with 3 ug of DI-EGFP. Cell 
lysates were collected after 3, 8 and 16 h and equivalent amounts of cell lysates 
were analyzed by immunoblotting. The amounts of translated products were 
normalized with loading control GAPDH and the amounts of DI-EGFP RNA 
quantified by RT-qPCR. For the effect of N protein on coronavirus translation in 
vivo, HEK-293T cells were independently transfected with 3 ug of N protein or 
the His-tagged B-actin transcript. After 8 h of transfection, HEK-293T cells were 
infected with BCoV. Cell lysates were collected at the time of postinfection as 
indicated in Fig. 4F and equivalent amounts of cell lysates were analyzed by 
immunoblotting. The amounts of translated products were also normalized with 
loading control GAPDH and the amounts of BCoV genomic RNA quantified by 
RT-qPCR. For the effect of N protein on host protein synthesis, HEK-293T cells 
were mock transfected or independently transfected with N protein or the 
His-B-actin transcript. After 1 h, HEK-293T cells were incubated in medium in 
the presence or absence of actinomycin D (Thermo Fisher Scientific) for 8 h and 
incubated with methionine-free medium for 30 min followed by 20 uwCi of 
[*°S]-methionine for 1 h. The cells were then collected and equivalent amounts of 


cell lysates were analyzed by SDS-PAGE gel. The gel was exposed to X-ray film 
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or Coomassie blue-stained followed by the quantification with ImageJ software 
(NIH, Bethesda, MD). The amounts of [*°S]-methionine-labeled host proteins 
were then normalized with the amounts of Coomassie blue-stained proteins and 


GAPDH mRNA quantified by RT-qPCR. 


Statistical analysis. Student’s unpaired t test was used for statistical analysis of 
the data using Prism 6.0 software (GraphPad Software, Inc.). The values in the 
study are presented as the mean + SD (n= 3); *p<0.05, **p<0.01 and 


***p<0.001. 
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FIGURE LEGENDS 
Fig. 1. Coronavirus N protein binds to poly(A) tail with high affinity. (A) 


Schematic diagram showing the position of the poly(A) tail in the coronavirus 
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genome. (B) E. coli-expressed coronavirus N protein (~65 kDa) stained with 
Coomassie blue (left panel) or analyzed by immunoblotting (right panel). (C) EMSA 
showing the binding specificity of the 65-nt poly(A) tail with N protein. Unlabeled 
competitor was at 1-, 10- and 100-fold excess and non-specific yeast tRNA (0.1 
mg/mL) were also performed. (D) and (E) Upper panel: EMSA showing binding 
experiments using a fixed concentration of P-labeled 65-nt poly(A) tail with 
increasing amounts (0, 14, 71, 143, 286, 533 nM) of N protein (D) or PABP (E). 
Complexes 1-4 in (D) were predicted to consist of 1-4 N proteins, respectively, 

and *’P-labeled 65-nt poly(A) tail, while complexes 1-4 in (E) were predicted to 
consist of 1-4 PABPs, respectively, and *°P_labeled 65-nt poly(A) tail. Lower panel: a 
plot of a fraction of bound RNA against the protein concentration is presented for the 
gel in the upper panel and fits the Hill equation for Kg determination. (F) RNA probes 
used for determination of the binding affinity with N protein and PABP. (G) The Ka 
value of RNA probes illustrated in (F) with N protein and PABP. Values in (D), (E) 


and (G) represent the mean+SD (n=3) of three independent experiments. 


Fig. 2. N protein competes with PABP for binding to the poly(A) tail. (A) Upper 
panel: in vitro analysis for preferential binding of the *°P_labeled 65-nt poly(A) tail in 
an environment containing various molar ratios of N protein to PABP by EMSA (lanes 
2-14). Lane 1: *°P_labeled RNA only. Gels were spliced for labeling purposes. Lower 
panel: the relative binding percentage of N protein and PABP with the poly(A) tail 
was determined according to the results shown in the upper panel. (B) Identification 
of the binding of PABP and N protein with poly(A) tail in vivo. The *°P_labeled 65-nt 
poly(A) tail was transfected into cells followed by UV cross-linking and 
immunoprecipitation using an anti-PABP (left panel) or anti-N protein (right panel) 
antibody. The resulting products were analyzed by SDS-PAGE and autoradiographed. 
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Values in (A) represent the mean+SD (n=3) of three independent experiments. 


Fig. 3. Molar ratio of N protein to PABP in subcellular fractions during infection. 


(A-B) Upper panel: N protein and PABP immunobloting analysis for the cytosol (A) 
or membrane (B). Middle and lower panel: molar ratio of N protein to PABP and 
relative percentage between N protein and PABP, respectively. The amounts of N 
protein and PABP were measured as follows. Different known concentrations of N 
protein and PABP were identified by immunobloting using antibodies against both N 
protein and PABP. The signals were scanned densitometrically and then plotted 
against the concentration to obtain a standard curve for the quantitation of N protein 
and PABP shown in upper panel. Values in (A) and (B) represent the mean+SD (n=3) 


of three independent experiments. hpi, hour postinfection. 


Fig. 4. Translation inhibition of coronaviral RNA by N protein. (A) Diagram of 
the BCoV genome, BCoV DI RNA and its derivative DI-EGFP. DI-EGFP was 
employed for the following translation analyses. (B) Left panel: in vitro-synthesized 
fusion protein (top) from 1 wg of input DI-EGFP RNA transcript with the 65-nt 
poly(A) tail (Ipt. DI.) (middle), which was preincubated first with 0, 2 and 4 uM of N 
protein (bottom) and then subjected to in vitro translation in RRL. Right panel: 
relative levels of in vitro-synthesized DI-EGFP fusion protein. The values shown are 
relative to the amount of synthesis in the absence of N protein (i.e., 0 uM of N 
protein). (C) Left panel: in vitro-synthesized fusion protein (top) from 1 yg of input 
poly(A) tail-deficient DI-EGFP RNA transcript (Ipt. DI.) (middle), which was 
preincubated with 0, 2 and 4 uM of N protein (bottom) and then subjected to in vitro 
translation in RRL. Right panel: relative levels of in vitro-synthesized DI-EGFP 


fusion protein. The values shown are relative to the amount of synthesis in the 
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absence of N protein (i.e., 0 uM of N protein). (D) Left panel: diagram showing the 
experimental procedures to determine the effect of N protein on the translation 
efficiency of DI-EGFP (with 65-nt poly(A) tail) in vivo. Right panel: immunoblotting 
showing the synthesis of the fusion protein from DI-EGFP in the presence of N 
protein or His-f-actin at different times posttransfection. The levels of DI-EGFP RNA 
and 18S rRNA were similar between the groups at the same time point as quantified 
by RT-qPCR. (E) Relative levels of in vivo fusion protein synthesis based on the 
results of the right panel in (D). The values shown are relative to the amount of 
synthesis in the presence of His-B-actin at each time point. (F) Left panel: diagram 
showing the experimental procedures to determine the effect of N protein on the 
translation efficiency of BCoV nsp1 in vivo. Right panel: immunoblotting showing the 
synthesis of BCoV nsp1 in the presence of N protein or His-B-actin at different times 
posttransfection. The levels of viral genome (BCoV gRNA) and 18S rRNA were 
similar between the groups at the same time point as quantified by RT-qPCR. (G) 
Relative levels of BCoV nsp1 in vivo based on the results of the right panel in (F). The 
values shown are relative to the amount of synthesis in the presence of His-B-actin at 
each time point. Values in (B), (C), (E) and (G) represent the mean+SD (n=3) of three 
independent experiments. *p<0.05, **p<0.01, ***p<0.001 by an unpaired Student t 
test. RRL, rabbit reticulocyte lysate; Ipt. DI., input DI-EGFP RNA transcript; pt, 


posttransfection; N, N protein; 8, His-B-actin. 


Fig. 5. Translation inhibition of cellular mRNA by N protein. (A) Left panel: in 
vitro-synthesized B-actin (top) from 1 ug of input B-actin RNA transcript with the 
65-nt poly(A) tail (Ipt. B-act.) (middle), which was preincubated first with 0, 2 and 4 
uM of N protein (bottom) and then subjected to in vitro translation in RRL. Right 
panel: relative levels of in vitro-synthesized B-actin. The values shown are relative to 
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the amount of synthesis in the absence of N protein (i.e., 0 uM of N protein). (B) Left 
panel: in vitro-synthesized B-actin (top) from 1 ug of the input poly(A) tail-deficient 
B-actin RNA transcript (Ipt. B-act.) (middle), which was preincubated with 0, 2 and 4 
uM of N protein (bottom) and then subjected to in vitro translation in RRL. Right 
panel: relative levels of in vitro-synthesized B-actin. The values shown are relative to 
the amount of synthesis in the absence of N protein (i.e., 0 uM of N protein). (C) 
Effect of expressed N protein on translation of host mRNAs in vivo. After mock 
transfection or independent transfection of His-B-actin and N protein RNA transcripts 
into HEK-293T cells in the absence or presence of actinomycin D followed by 
[°°S]-methionine, equal amounts of cell lysate were analyzed by SDS-PAGE, which 
was exposed to x-ray film (left panel) or stained with Coomassie blue (right panel). 
The levels of host mRNA (represented by GAPDH mRNA) and 18S rRNA shown in 
the left panel were quantified by RT-qPCR. (D) Relative levels of host protein 
synthesis based on the results of the left panel of (C). The values shown are relative to 
the amount of synthesis in the absence of transfection (i.e., mock transfection). Values 
in (A), (B) and (D) represent the mean+SD (n=3) of three independent experiments. 
***1<0.001 by an unpaired Student t test. RRL, rabbit reticulocyte lysate; Ipt. B-act., 


input B-actin RNA transcript. 


Fig. 6. Interactions between poly(A) tail, N protein and PABP. (A) Interactions of 
the poly(A) tail with N protein and/or PABP in mock-infected or infected cell lysates. 
Proteins from mock-infected or infected cell lysates interacting with a biotinylated 
poly(A) tail were pulled down by streptavidin followed by immunoblotting using 
antibodies against PABP and N protein. The upper and lower asterisks in lanes 1, 9 
(from streptavidin pull-down samples of infected cell lysates) and 3 (from infected 
cell lysates) indicate cellular PABP and coronaviral N protein, respectively; the 
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asterisk in lane 4 (from mock-infected cell lysates) indicates cellular PABP; the 
asterisks in lanes 5 and 6 indicate E. coli-expressed N protein and PABP, respectively; 
the asterisk in lane 7 indicates untagged N protein; the asterisk in lane 10 (from 
streptavidin pull-down samples of mock-infected cell lysates) indicates cellular PABP. 
(B) His-tagged PABP (left panel) and untagged N protein (right panel) were expressed 
in E. coli, analyzed by SDS-PAGE and stained with Coomassie blue. (C) Pull-down 
assay to determine direct binding between PABP and N protein. His-tagged PABP was 
bound to Ni-NTA beads and mixed with untagged N protein. The pull-down materials 
were detected by immunoblotting using an antibody against N protein (left panel) or 
PABP (right panel). (D) Pull-down assay using His-tagged N protein (left panel) or 
His-tagged PABP (right panel) to assess its interaction with PABP or N protein, 
respectively, in infected cell lysates. Bound proteins from lysates were analyzed by 
immunoblotting with an antibody against PABP (left panel) or N protein (right panel). 
The arrow indicates the position of PABP (left panel) and N protein (right panel). PD, 


pull down; IB, immunoblotting. 


Fig. 7. Interactions of poly(A) tail and N protein with cellular eI[F4G and 
coronavirus nsp9. (A) The poly(A) tail interacts with cellular e[F4G and coronavirus 
nsp9. Infected cell lysates were incubated with the biotinylated poly(A) tail and pulled 
down by streptavidin followed by immunoblotting with antibodies against eIF4G (left 
panel) and nsp9 (right panel). Coronavirus nsp9 (12 kDa) and cellular e[F4G (220 
kDa), indicated by an arrow in lane | of the left and right panels, respectively, were 
identified. (B) Ni-NTA beads pull-down assay using the His-tagged N protein 

followed by immunoblotting with an antibody against eIF4G to determine interaction 
between N protein and eIF4G. The arrow indicates the position of 220-kDa eIF4G. (C) 
Protein G beads pull-down assay followed by immunoblotting with an antibody 
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against eIF4G to determine interaction between N protein and eIF4G. The arrow 
indicates the position of 220-kDa eIF4G. (D) Ni-NTA beads pull-down assay using 
the His-tagged N protein followed by immunoblotting with an antibody against nsp9 
to determine interaction between N protein and nsp9. The arrow indicates the position 


of 12-kDa nsp9. PD, pull down; IB, immunoblotting. 


Fig. 8. Interactions of the poly(A) tail and N protein with cellular eIF4E. (A) 
Interaction of the poly(A) tail-bound N protein with eIF4G and eIF4E in 
mock-infected cells. Lanes 1-6 in panels 1 and 2: A fixed concentration (25 nM) of 
biotinylated RNA consisting of 19 non-poly(A) nts followed by the 65-nt poly(A) tail 
was first incubated with increasing amounts (2, 4, 6 uM) of PABP (lanes 1-3) or N 
protein (lanes 4-6) and then with mock-infected cell lysates followed by a streptavidin 
pull-down assay and immunoblotting. Values in panels | and 2 represent the mean 
percentage of three independent experiments but SD is not shown. Lanes 1-6 in panels 
3 and 4: Detection of input PABP (panel 3) and N protein (panel 4) bound by 
biotinylated RNA. A fixed concentration (25 nM) of biotinylated RNA consisting of 
19 non-poly(A) nts followed by the 65-nt poly(A) tail was incubated with increased 
amounts (2, 4, 6 uM) of PABP (lanes 1-3) or N protein (lanes 4-6) followed by a 
streptavidin pull-down assay and immunoblotting. Lanes 1-6 in panels 5 and 6: 
Detection of eIF4G and eIF4E by immunoblotting from uninfected cell lysates used 
for the aforementioned streptavidin pull-down assay. Lane 7 in panels 1 and 2: The N 
protein was incubated with mock-infected cell lysates followed by an Ni-NTA bead 
pull-down assay and immunoblotting. Lane 8 in panels | and 2: Biotinylated RNA 
consisting of 19 non-poly(A) nts followed by the 65-nt poly(A) tail was incubated 
with mock-infected cell lysates followed by a streptavidin pull-down assay and 
immunoblotting. Lanes 7-8 in panels 5 and 6: Detection of eIF4G and elF4E from 


39 


1sanBb Aq 8LOz ‘E} 4sequiajdas uo /Hio'wse'IAl//:dyj1y Wood peapeojuMOGg 


0) 
= 
6 
me) 
(0) 
— 
(72) 
O 
jae 
— 
(OL 
= 
O 
72) 
=) 
(= 
= 
TO 
ve 
[ok 
0) 
O 
O 
~s 


Journal of Virology 


Journal of Virology 


1043 


1044 


1045 


1046 


1047 


1048 


1049 


1050 


1051 


1052 


1053 


1054 


1055 


1056 


1057 


1058 


1059 


1060 


1061 


1062 


1063 


mock-infected cell lysates used for the aforementioned Ni-NTA bead (lane 7) or 
streptavidin (lane 8) pull-down assay by immunoblotting. (B) Interaction of the 
poly(A) tail with eIF4G and eIF4E in BCoV-infected cells. Panels 1-4: Lanes 3-6, 
biotinylated RNA consisting of 19 non-poly(A) nts followed by the 65-nt poly(A) tail 
was incubated with BCoV-infected cell lysates collected at 0, 8, 16 and 24 hpi 
followed by a streptavidin pull-down assay and immunoblotting. Lane 1, uninfected 
cell lysates only; Lane 2, infected cell lysates only. Lanes 7 and 8, the streptavidin 
beads were incubated with infected (lane 7) or uninfected (lane 8) cell lysates 
followed by a streptavidin pull-down assay and immunoblotting. Values in panels | 
and 2 represent the mean percentage of three independent experiments but SD is not 
shown. Panels 5 and 8: Detection of N protein, nsp9, eIF4G and eIF4E by 
immunoblotting from uninfected or infected cell lysates used for the aforementioned 
streptavidin pull-down assay. PD, pull down; IB, immunoblotting. hpi, hour 


postinfection. 


Fig. 9. Proposed model for the regulation of gene expression in coronaviruses. (A) 
The poly(A) tail of the coronavirus genomic RNA binds to PABP followed by eIF4G 
and elF4E, leading to translation. (B) N protein can bind to the poly(A) tail of 
coronavirus genomic RNA and interact with eIF4G but not with eIF4E, leading to 


translation inhibition. 
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